Gold (Au), silver (Ag) and copper (Cu) were severely deformed through the process of high pressure torsion (HPT). The grain sizes were reduced to the submicrometer range and the hardness increased significantly by the HPT process. However, after holding at room temperature, Au and Ag exhibited grain growth and thus softening without heating. The softening and microstrcutural coarsening occurred rather quickly in Ag and moderately in Au but nothing changed in Cu even after keeping for prolonged time. No twins were formed along with the grain growth in the HPT-processed Au and Ag. High density lattice defects and enhanced diffusivity in the metals are responsible for such an unusual softening behavior.
Introduction
It is well known that gold (Au), silver (Ag) and copper (Cu) are all based on the face centered cubic (fcc) structure. They are easily deformed to a large extent by rolling, extrusion, drawing so that they can be used in various shapes and design. They have almost similar melting points as 1337, 1235, and 1356 K for Au, Ag and Cu, respectively. The room temperature of the metals then corresponds to 0.224, 0.243, and 0.221 when normalized by each of the melting points. These temperatures are generally too low for the annealing and softening to occur because the atomic diffusion at such normalized temperatures is very slow. There have been technical reports that high purity Ag is softened during long time storage at room temperature and becomes very susceptible to surface scratching even after hardening by straining. 1) Recent study reported 2) that softening of Ag occurs after storage at room temperature following heavy deformation by equal-channel angular pressing (ECAP), which is known as a process of severe plastic deformation (SPD) for microstructural refinement. 3) In this study, the three fcc metals, Au, Ag and Cu, are deformed by the SPD process to compare each of the softening behavior after processing. The process of high pressure torsion (HPT) as illustrated in Fig. 1 4) is used in this study, which is known as a typical SPD process 3) and it can produce much greater strain than the ECAP process. 5, 6) Thus, this study aims to conduct a systematic investigation for the effect of imposed strain on the variation of mechanical properties and microstructure with respect to time after processing the three fcc metals with HPT.
Experimental Procedures
Rods of high purity Au (99.999%), Ag (99.99%) and Cu (99.99%) with 10 mm diameter were sliced to disks with 0.8 mm thickness. They were annealed at 873, 803 and 884 K for 1 h, respectively, where all temperatures correspond to 0.65 of the melting points. The average grain sizes after the annealing were $100 mm for Au and Cu and $60 mm for Ag.
HPT was conducted by placing a disk in a shallow hole of the upper and lower anvils and were rotated with respect to each other at room temperature at a rotation speed of 1 rpm under an applied pressure of 6 GPa. The rotation was terminated after 5 revolutions.
The disks after HPT including those before HPT were polished to mirror-like surfaces and the Vickers microhardness was measured along the radii from the center to edge at 6 different radial directions. The average was taken from the 6 measurements at the same distance from the center of each disk. Hardness measurement was undertaken with an application of 50 g for 15 s in Au and Cu and of 25 g for 15 s in Ag using an Akashi MVK-E3 testing machine.
The polished samples were etched for optical microscopy. Electron backscatter diffraction (EBSD) analysis was conducted using a Hitachi S-4300SE scanning electron microscope equipped with a field emission gun at an accelerating voltage of 20 kV. Data acquisition and subsequent analysis were performed using a TSL orientation image microscopy software (v.3.5). A cleaning-up procedure was applied to all EBSD images to adjust points with confidence index (CI) lower than 0.1. Misorientations less than 2 were excluded from the analysis because of the limitations of the angular resolution of the EBSD technique. 7) Transmission electron microscopy (TEM) was also conducted for Ag after processing with HPT. Disks with 3 mm in diameter were punched out from outer edge regions of the Figure 2 shows variations of Vickers microhardness with respect to the time after processing by HPT. The closed and open symbols represent the variations with time when the HPT samples are kept at room temperature (300 K) and in a freezer at 250 K, respectively. Note that the hardness values in Fig. 2 are plotted from recording at positions 3 mm away from the center of the disk. It is apparent that, when the HPT samples are kept at room temperature, the hardness begins to decrease after $1:5 days for Ag and $25 days for Au but the hardness remains unchanged in Cu even after keeping for 70 days. (This study confirmed that the Cu hardness did not change even after 130 days.) However, no change in hardness occurs in all HPT samples when they are kept at 250 K. Figure 3 plots the time before the hardness decrease with respect to the equivalent strain. Here, the time to the hardness decrease is taken when the hardness of Ag and Au is decreased by 90% of the hardness sooner after HPT processing, 90%(Hv) o . The equivalent strain " is calculated through the following equation
Results
where r is the distance from the disk center, is the rotation angle in radian and t is the thickness of the disk. The hardness decreases more easily as the strain is imposed, although the decrease occurs much faster in Ag than Au. These results indicate that strain energy should be a driving force for the decrease in the hardness. An optical micrograph and an orientation image before HPT for Ag are shown in Figs. 4(a) and (b), respectively, and those for Au are shown in Figs. 5(a) and (b). The microstrutures of both metals are typical of annealed samples with well defined grain boundaries and twin boundaries which are often observed in metals having high stacking fault energies. The average grain sizes without twins are $60 mm for Ag and $100 mm for Au.
TEM micrographs after HPT processing but before the hardness decrease are shown in Fig. 6 where (a) is a bright field image, (b) a dark field image and (c) an SAED pattern. The microstructure consists of grains with the average size of $480 nm. Individual grains seem separated by high-angle boundaries because diffracted beams form rings in the SAED pattern. There are some grains containing few dislocations despite the fact that the large strain was introduced through the HPT process. Microstructural observation for Au after HPT but before the decrease in hardness was performed using EBSD analysis and the results are shown in Fig. 7 . Note that the dark regions appeared because of the difficulty in determining the crystal orientation due to the presence of intense strain. Nevertheless, large regions still appears with colors and this EBSD analysis revealed that the microstructure consists of grains with the average grain size of $520 nm and with different orientations as indicated by the difference in colors.
Optical micrographs and orientation images well after the decrease in hardness are shown in Figs. 8(a) and (b) for Ag, respectively, and Figs. 9(a) and (b) for Au, respectively. Note that the micrographs and EBSD images are after 15 days for Ag and 70 days for Au. It is apparent that grain growth occurred and microstructure are very similar to the ones after annealing but before HPT with the average grain sizes of $100 mm for both Ag and Au. However, there is a significant difference from the former. That is the absence of the twins: twins are not visible after prolonged holding at room temperature. 
Discussion
It is most likely that HPT can produce an enormous number of lattice defects and thus introduces significant enhancement of atomic diffusion. Let us then first estimate the diffusion distance through a relation of L$ðDÞ 1=2 using the lattice self diffusion coefficients in the three metals, 10) R is the gas constant and T is the absolute temperature in Kelvin. Therefore, it follows that the diffusion distances at 300 K are L$6:98 Â 10 À6 nm after 25 days in Au and L$1:20 Â 10 À6 nm after 1.5 days in Ag where the hardness begins to decrease, and L$3:73 Â 10 À8 nm after 130 days in Cu where no change in hardness occurs but it is the total holding time in the present experiment. However, any of the calculated diffusion distances are significantly small and they are even much smaller than the lattice parameters.
Because of the introduction of high density lattice defects, the atomic diffusion may occur through lattice defects such as dislocations and grain boundaries. It is generally considered that the activation energy may be reduced to two thirds to half when such lattice defects contribute to the diffusion. Estimation of the diffusion distance using Q/2 instead of Q leads to L$130 nm after 25 days in Au and L$30 nm after 1.5 days in Ag for the beginning of the hardness decrease. These diffusion distances are now closer to the grain sizes of $500 nm after HPT, but they are still much smaller than the grain sizes of $100 mm after complete grain growth. The estimation gives rise to 220 nm and 90 nm after holding for 70 days and 15 days for Au and Ag, respectively, where the grain growth has completed.
Using Q/3 which can be equivalent to the surface diffusion, the diffusion distances now become L$35 mm and L$9 mm for Au and Ag, respectively, at the beginning of the hardness decrease, and L$60 mm and L$30 mm for the level after grain growth. These diffusion distances are comparable to the grain sizes shown in Fig. 8 and Fig. 9 . For the samples stored at 250 K, estimation of the diffusion distances leads to L$4 mm and L$0:9 mm which are still well smaller than for the storage at room temperature and these diffusion distances are small enough to keep the hardness at the higher levels. It is then reasonable that the grain growth and the subsequent decrease in hardness should be attributed to the enhanced diffusion with the activation energy equivalent to $1=3 of the lattice diffusion.
In addition to the enhanced diffusivity, it is important to consider the effect of stacking fault energy (SFE) on the grain growth during storage at room temperature. All of Au, Ag and Cu are based on the fcc structure and the SFE of Ag is the lowest and Cu is the highest and Au is between them. The SFEs are 16, 32 and 45 mJ/m 2 for Ag, Au and Cu, respectively.
11) It is generally accepted that, if the SFE is small, more dislocations are accumulated because of lower rates of dislocation annihilation and recovery. It is considered that the largest population of lattice defects is available in Ag, which then facilitates the grain growth not only by the enhancement of driving force but also of atomic diffusion through the lattice defects.
A final important question arises why no twins form despite the fact the grain growth occurs. It is a general phenomenon that many twins form after annealing especially for the metals and alloys with low SFEs such as Ag, Au and Cu but it is hardly the case for metals with high SFEs as Al. It was said that the twin formation was accompanied by grain growth or grain boundary migration. 12) However, as it is evident, this does not account for the present case because the grain growth occurred to almost the same grain size as the one before HPT. It was suggested that the temperature dependence of twin formation is weak or the twin density is higher at lower temperature. 13) However, any of them is an opposite trend observed in this study. Although the mechanism for the formation of annealing twins is not clearly understood, 14) it is reasonable that the formation of twins occurs as a consequence of local strain adjustment and energy minimization required during recrystalization and grain growth. In this study, construction of pole figures was attempted from the EBSD orientation images shown in Fig. 8(b) and Fig. 9(b) and it was found that a strong cube texture developed along with the grain growth. It is considered that the texture development results in the local strain adjustment and energy minimization as expected from twin formation. Thus, the twin formation was little required for this study because a strong texture developed. Further investigation is now in progress for clarifying the absence of annealing twins in metals with low SFEs. It is important to note that the investigation for the absence of annealing twins will provide opportunity for understanding the mechanism of the formation of annealing twins.
Conclusions
(1) When Ag and Au are processed by HPT, they exhibit softening and microstructural coarsening during storage at room temperature. Such changes occur rather quickly in Ag and moderately in Au and they are more pronounced with intense straining in both metals. However, nothing changes in Cu even after keeping for prolonged time. (2) Unlike a normal annealing process, no twins form despite the microstructural coarsening in the HPTprocessed Ag and Au. High density lattice defects in metals with low stacking fault energies should be responsible for such an unusual softening and coarsening behavior.
